The ontogeny of the myotome was investigated using [ 3 H]thymidine or Brdu treatment in conjunction with 1,1′, di-octadecyl-3, 3, 3′, 3′,-tetramethylindo-carbocyanine perchlorate (DiI) labeling and expression of specific markers. We have identified a subset of early postmitotic cells that is present in the dorsomedial aspect of epithelial somites and is homogeneously distributed along their entire rostrocaudal extent. The post-mitotic quality of this cell subset enabled us to trace their fate in time-course experiments. Following initial somite dissociation, this epithelial post-mitotic layer bends underneath the medial portion of the nascent dermomyotome. Then, these cells progressively lose epithelial arrangement and migrate in a rostral direction where they accumulate temporarily. Subsequently, these early post-mitotic precursors extend processes that reach both rostral and caudal edges of each segment. Medial somite-derived myofibers also fill the entire mediolateral extent of the segment and reach the dorsomedial lip of the dermomyotome, thus forming the primary myotome. During this process, their large nuclei localize to a narrow stripe in the middle of the nascent myotome. Consistent with the proliferation studies, DiI labeling of the medial epithelial somite cells gave rise to a primary myotomal structure, and continuous pulsing of the DiI-injected embryos with radioactive thymidine revealed that these fibers indeed developed from post-mitotic progenitors. As these early post-mitotic cells that arise prior to somite dissociation are the first wave of progenitors that constitutes the myotome, we have termed them avian muscle pioneers. We propose that the primary myotome formed by the muscle pioneers constitutes a longitudinal scaffold that serves as a substrate for the addition of subsequent waves of myotomal cells.
Introduction
Development of the somites involves a sequential process of segmentation and epithelialization of the unsegmented paraxial mesoderm. These transient epithelial spheres develop further into the mesenchymal sclerotome and the dermomyotome. The sclerotome gives rise to the skeletal elements of the vertebrae and the ribs. The dermomyotome is known to differentiate into the dermis and the myotome, the latter giving rise to the axial muscles. In addition, at the brachial and lumbosacral levels of the axis, cells migrating from the ventrolateral edge of the dermomyotome colonize the limb anlage and differentiate into the limb musculature (reviewed by Christ and Ordahl, 1995; Cossu et al., 1996b) .
Patterning of the somites into sclerotomal and dermomyotomal components has been shown to depend upon interactions between mesodermal cells and the midline axial structures. Embryonic manipulations have revealed a role for the floor-plate and notochord in sclerotome induction (Brand Saberi et al., 1993; Dietrich et al., 1993; Koseki et al., 1993; Pourquié et al., 1993; Goulding et al., 1994) . A diffusible form of Sonic hedgehog, expressed both in floorplate and notochord, has been shown to mediate this interaction (Fan and Tessier-Lavigne, 1994; Johnson et al., 1994) .
Similarly, transient signals from the neural tube and the notochord are required for initial myogenic specification, as revealed in several in vivo and in vitro studies (Vivarelli and Cossu, 1986; Kenny Mobbs and Thorogood, 1987; Rong et al., 1992; Borman and Yorde, 1994; Buffinger and Stockdale, 1994; Fan and Tessier-Lavigne, 1994; Cossu et al., 1996a; Pownall et al., 1996) . Contact with the surface ecto-derm was also found to have myogenic activity (Fan and Tessier-Lavigne, 1994; Cossu et al., 1996a) .
A time-dependent response to neural tube/notochord signaling was observed that relates both to embryonic stage and somitic level. Thus, initial expression of myogenic genes and differentiation markers requires the combined action of notochord/floor-plate and of the ventral neural tube, whereas somewhat later, input from the dorsal-medial neural tube appears to be sufficient to maintain their expression (Buffinger and Stockdale, 1994; Pownall et al., 1996; Xue and Xue, 1996) . Ablation and grafting experiments have shown that dorsalizing factors from neural tube and ectoderm and ventralizing factors from the notochord act in concert to induce the myotome (Dietrich et al., 1997) . The effect of the neural tube may be mediated by specific members of the Wnt family of growth factors, expressed in the dorsal part of the tube, which act either alone or in combination with notochord-derived Sonic Hedgehog .
Consistent with the idea that midline structures provide short-range diffusible signals important for myogenesis of the axial musculature, it was found that the myotome originates from cells located in the medial halves of the somites (Ordahl and Le Douarin, 1992) . Furthermore, the earliest myogenic transcription factors to become expressed in mouse, quail and chick (myf5, QmyoD and CMD1, respectively) were shown to be localized to the medial part of epithelial somites prior to overt expression of differentiation markers (Ott et al., 1991; Piette et al., 1992; Pownall and Emerson, 1992; Pownall et al., 1996; Borycki et al., 1997) .
In spite of our increasing knowledge of the molecular processes that regulate myogenesis, the cellular basis of myotome formation remains unclear. Contrasting views were presented in early studies by Boyd (1960) and Hamilton (1965) , who maintained that the myotome is colonized by cells that originate only in the dorsomedial lip (DML) of the dermomyotome, and by Langman and Nelson (1968) who found that myotomal precursors delaminate from the entire extent of the overlying dermomyotome, but not from the DML. Other studies claimed that sclerotomal cells are able to reagreggate and contribute to the colonization of the myotome (Mestres and Hinrichsen, 1976) . Direct observation of developing somites by electron microscopy, led Christ et al. (1978) to propose that the myotome is contributed, to different extents, by cells from all four edges of the overlying dermatome. In a later study in which staining for desmin and acetylcholinesterase was used to visualize myoblasts, Kaehn et al. (1988) identified the site of onset of myotome formation as the rostromedial corner of the dissociating somite, these cells appeared to originate at the rostral dermatome edge, but not the DML. Thus, myotome formation was proposed to progress in a polarized rostrocaudal order within individual segments until reaching their caudal edge. In contrast with this view, recent experiments based on fluorescent dye injection into specific areas of the dermomyotome have shown that myotome fibers are generated from the entire medial boundary and the medial portion of the rostral boundary of the dermomyotome (Denetclaw et al., 1997) .
As comprehensive knowledge of myogenic cell specification and myotome formation in vivo are an essential frame for understanding the molecular mechanisms that regulate early stages of axial muscle development, we undertook to investigate the ontogeny of the myotome. We find that the pioneer myogenic progenitors originate prior to somite dissociation. They are localized along the medial part of the recently-formed somites as early postmitotic epithelial cells. This medial epithelial layer initially bends in the transverse plane underneath the forming dermomyotome to give rise both to the early myotome as well as the DML. Pioneer cells then lose their epithelial arrangement, migrate rostrad, and extend processes that ultimately reach both rostral and caudal edges of the segment, creating the longitudinally-oriented myotome.
Results

Establishment of the primary myotome by post-mitotic pioneers that originate in the medial aspect of the epithelial somite
Origin of the avian myotomal pioneer cells
Embryos aged of 23-25 somites were pulsed for 2-3 h with either [ 3 H]thymidine or Brdu and fixed immediately after the end of the pulse. Analysis of serial transverse and frontal sections revealed the presence of discrete sites containing unlabeled cells that were already apparent at the level of the most recently-formed epithelial somite pair, whereas the rest of the somite epithelium was strongly labeled (Figs. 1A and 2A, B) . These early unlabeled cells were preferentially localized in the dorsal half of the medial aspect of the somite in close apposition to the neural tube, whereas cells in the ventral portion of the medial wall of the somite were mitotically active (see also Fig. 1B) . In addition, this unlabeled cell subset clearly spanned the entire rostrocaudal extent of the somites showing no apparent polarity at this stage ( Fig. 2A,B) .
It is noteworthy that not all the medial cells were unlabeled at the epithelial somitic stage. Using a pulse of 2-3 h, about 25% of total dorsal-medial epithelial cells had incorporated the label at this stage. An additional feature of the medial portion of the somite is that it appears thinner compared to the rest of the somite epithelium (Fig. 2B,D , between arrowheads) and contains almost no mitotic figures. This is in contrast with the thicker luminal portion of the lateral part of the somite where many mitotic figures are apparent (Fig. 2D, arrows) . These results indicate that the unlabeled cells of the medial aspect of the epithelial somite have withdrawn from the cell cycle. Further confirmation of their post-mitotic condition was obtained by following their fate in older embryos with a complementary labeling protocol (see Fig. 8 and accompanying text).
The post-mitotic quality of the medial cells was used to trace the movement of the 'unlabeled population' up to stages of myotome formation. This was performed both by serial analysis along the caudorostral direction of the axis in individual embryos (n = 15, see below), and by following the fate of the unlabeled cells in a given somite at progressively older stages (see Section 2.2).
Upon initial epithelial-mesenchymal transition of the somite that occurs at lateroventral areas (intermediate stage of somite dissociation, see Teillet et al. (1987) , the medial post-mitotic cells were still epithelial and homogeneously distributed along the entire rostro-caudal extent of the concerned segments (Figs. 1B and 2C, D, between arrowheads) . Neural crest cells that migrated between the neural tube and the somite were mitotically active (see labeled cells between neural tube and somite in , it becomes apparent that the medial aspect of the somites apposed to the neural tube (nt) is epithelial, thin and is largely unlabeled. These post-mitotic unlabeled cells span the entire rostro-caudal length of the segments (nuclei between arrowheads in (A,B) and (C,D). In contrast, note that the lateral somite aspect is thick and contains heavily-labeled nuclei in its outer part and mitotic figures in its luminal surface (arrows in D). Also note in (C,D) the presence of radiolabeled neural crest cells (arrows in C) located between neural tube and somites and apposed to the medial aspect of the somitic epithelium. (E,F) Somite level 20 of an embryo that attained 28 somites 9 h after initial pulsing (see also Fig. 3 , which depicts an equivalent stage in transverse sections). Note in (F) the presence of a group of nuclei marked by an arrowhead, that are preferentially located in the rostral part of the somite and are unlabeled (arrowhead in E). In contrast, the surrounding dermomyotome including the dorsomedial lip (dml) are heavily labeled. The few labeled nuclei in the area occupied by the unlabeled cells may represent either muscle pioneers that have not yet exited the cell cycle (see text) and/or sclerotomal cells that were included in the fronto-saggital plane of the section. (G,H) Somite level 20 of an embryo that was fixed at the 32-somite-stage, 16 h after initial pulsing. Desmin immunoreactivity spans the entire rostrocaudal extent of the segment in which the primary myotome has been established. The Hoechst-positive nuclei marked in (H) by an arrowhead, that belong to the desmin-immunoreactive myofibers (arrowhead in G) are thymidine-negative and are located in the center of the young myotome. Note as well that at this stage, the myotome is mostly composed of post-mitotic cells while the adjacent dermomyotome and sclerotome (s) are heavily labeled. Bar: 40 mm.
and also in 2C,D, arrows). So were cells in the dorsal aspect of the somite that are fated to become the epithelial dermomyotome (Figs. 1B and 2C, D) .
Subsequently, the labeled cells initially located ventral to the post-mitotic progenitors had completely dissociated and contributed to the sclerotome (stage of full somite dissociation, see Teillet et al. (1987) ). By this stage, a progressive translocation of the epithelial layer of post-mitotic progenitors was observed from a medial position adjacent to the axis to a ventral location underneath the nascent dermomyotome (unlabeled cells in Fig. 1C ,D marked by arrowheads and see also Fig. 3 ). This process occurred essentially in the cross-sectional plane along the entire length of the somite. Upon bending, the unlabeled nuclei gradually lost their ordered arrangement, indicating that the cells were in the process of dissociating following a lateral to medial direction ( Fig. 1D, arrowheads) .
The medial part of the somite that contains the early postmitotic cells was also found to express QMyoD ( Fig. 1E and data not shown, see also Borycki et al. (1997) ), suggesting Fig. 3 . Early unlabeled nuclei that originated along the dorsomedial aspect of the epithelial somite accumulate preferentially in the rostral half of the fullydissociated somite. Segmental level 21 of an embryo that attained 29 pairs of somites 9 h after initial pulsing when somite 21 was epithelial (see legend to that pioneer muscle cells express this transcription factor. In fact, QMyoD-expressing somite cells were detected already in 3-somite-stage embryos (Barth and Ivarie, 1994) , when no organized region containing post-mitotic cells was yet apparent (data not shown).
Time course of the distribution of pioneer myotomal cells
A series of 22-23 somite-stage embryos were pulsed with radiolabeled thymidine as depicted under protocol I and further incubated for 2 h (n = 15), 9 h (n = 15) and 16 h (n = 10). Importantly, when embryos were incubated for 9 and 16 h, the pulse was repeated each 4 h to ensure continuous labeling of all mitotically active cells, thereby enhancing the contrast between the unlabeled (post-mitotic) and labeled (mitotically active) nuclei. Two hours following the onset of labeling, the medial cell population that remained mostly unlabeled spanned the entire rostrocaudal length of both the epithelial and intermediate somites in all embryos observed ( To further substantiate the results of the qualitative observations, the number of unlabeled nuclei in each somitic moiety was calculated from counts performed on serial transverse sections (Fig. 4) . Counts at the epithelial stage concerned the medially-located cells (see Fig. 2A ,B), and after dissociation the thymidine-unlabeled cells located underneath the dermomyotome were considered. At epithelial stages, the average number of unlabeled nuclei in the medial aspect of the somite was similar in both somite halves (13.3 ± 2.8 and 13.6 ± 2.5 nuclei/section in caudal and rostral halves, Fig. 4 . Quantification of the distribution of early unlabeled nuclei in both rostral and caudal domains of the medial portion of the epithelial somite and beneath the dermomyotome of the fully dissociated somite. Twentythree somite-stage embryos were pulsed with radiolabeled thymidine as depicted under protocol I and further incubated for 2 or 9 h. The number of Hoechst-positive/thymidine-negative nuclei was counted in serial transverse sections. Results represent the mean ± SD of the number of unlabeled cells/section calculated for each somitic half. (A) Somite 21 of an embryo that attained 25 somite pairs 2 h after pulsing. Unlabeled cells under consideration were located along the medial aspect of the epithelial somite spanning its rostrocaudal extent, similar to the situation shown in Fig. 2B. (B) Somite 20 of an embryo that attained 29 somite pairs 9 h after pulsing. Cells under consideration were distributed underneath the DM as shown in Fig. 3 . respectively (n = 4 somites with similar results). By contrast, after full somite dissociation, the number of unlabeled cells beneath the dermomyotome in the caudal half-somite was found to decrease, whereas it increased in the rostral somitic region (6.6 ± 3.5 and 16.9 ± 5 nuclei/section, respectively (n = 4 somites counted with similar results). It is noteworthy that, as expected, the overall number of unlabeled cells in both somitic domains was not significantly different between the epithelial and early dissociated stages. Since in this time-course experiment the pioneer myotomal precursors were tagged already at the epithelial stage as unlabeled cells, their relocation to rostral areas must reflect cell movement.
It is worth mentioning that at equivalent stages following somite dissociation, neural crest cells also migrate preferentially into the rostral domain of each concerned somite. Yet, these cells do not interfere at all with our counts of unlabeled nuclei, first because they are all mitotically active and are therefore labeled by radioactive thymidine under the present protocol (Kahane and Kalcheim, 1998) and second, because neural crest cells migrate both through the sclerotome and ventral to the dermomyotome, areas located beneath the plane of the myotomal progenitors (Teillet et al., 1987) .
Sixteen hours after initial labeling, embryos reached the 32-somite-stage and the unlabeled nuclei of somitic level 20 were found, in all embryos observed, to localize to the center of a desmin-positive myotome (Fig. 2 compare (G) with (H)), where the arrowheads point to the unlabeled nuclei; note as well the heavy thymidine-labeling of the surrounding structures, and see also Fig. 8 for older stages). These unlabeled cells were, temporarily, the predominant population that constituted the primary myotome (Fig. 2G,H) and were, therefore, termed pioneer myotomal cells. Furthermore, the observation that desmin immunoreactivity was detected along the full extent of the segment suggests that each pioneer cell has extended processes that reached both its rostral and caudal extremities ( Fig. 2G and see also Fig. 5 ). Progressive addition of new cells to the primary myotome begins shortly afterwards, practically in continuity with the establishment of this primary structure. However, in contrast with the pioneer cells, the new myoblasts arise from precursors that are mitotically active at the time of initial labeling and are therefore thymidine-positive under this protocol (Kahane et al., unpublished data) .
DiI labeling of medial epithelial somite cells
To substantiate the finding that cells located in the medial part of the somite give rise to the primary myotome, a group of cells in epithelial somite 18 of 20-somite-stage embryos was labeled with 1,1′, di-octadecyl-3, 3, 3′, 3′,-tetramethylindo-carbocyanine perchlorate (DiI). Dye injections were directed to cells located in the medial part of the epithelial somite that is adjacent to the neural tube, as shown in the transverse section presented in Fig. 5A , and midway between its rostral and caudal extremities (Fig. 5B , dorsal view of the somite in a living embryo). Embryos were further incubated for 16-18 h. Consistent with the data of the time-lapse study which has shown that 16 h post-labeling with thymidine, a primary myotome formed that is predominantly composed of post-mitotic muscle pioneers (Fig.  2G,H) ; the dye-labeling experiments showed that DiI-positive cells of the medial part of the epithelial somite gave rise at an equivalent stage to elongated fibers which spanned the entire rostrocaudal length of the segment (Fig. 5C , n = 16 out of 19 injected somites). Furthermore, Fig. 6 illustrates that by 48 h after labeling the medial epithelial somite cells, the resulting myotomal fibers span both the entire rostrocaudal as well as the mediolateral aspects of a segment (n = 9 out of 11 injected somites). To further evaluate whether these myotomal fibers developed from early post-mitotic progenitors belonging to the pioneer category, dye injections were immediately followed by thymidine labeling that was delivered as several pulses until fixation. Embryo fragments containing the DiI-labeled somites were embedded in gelatin and frozen, serially sectioned in the transverse or frontal planes and subjected to autoradiography. In all injected somites (n = 8), the labeled medial epithelial cells gave rise to elongated myofibers that spanned the whole length of the corresponding segment. Moreover, the nuclei of these DiI-labeled myofibers were indeed devoid of thymidine grains in spite of permanent exposure of the embryos to radiolabeled nucleotide, whereas adjacent cells in the sclerotome and dermomyotome were thymidine-positive (Fig. 7) . This result provides a link between the data on primary myotome formation based on the movement of medial epithelial somite cells bearing post-mitotic unlabeled nuclei, and the independent study in which the fate of the medial cells was followed after dye labeling. Taken together, these observations demonstrate that the primary myotomal fibers derive from post-mitotic cells that originate in the medial aspect of the epithelial somite.
Myotomal localization of the nuclei of post-mitotic pioneers
To follow the fate of the post-mitotic muscle pioneers through myotome development, it was necessary to label these cells in a positive manner, complementary to that employed in protocol I.
To this end, E1 embryos were radiolabeled with [ 3 H]thymidine until E2 (average of 20 somite pairs), followed by a chase period with cold nucleotide until E4, as described under protocol II. This protocol enabled a positive identification of the earliest cells within the myotome that had withdrawn from the cell-cycle since these cells retained the label, whereas those cells that continued dividing had diluted the radioactive metabolite efficiently during the chase and were, therefore, unlabeled (Fig. 8D ). An additional labeling procedure consisted of pulsing 33-somite stage embryos with radiolabeled thymidine as described in the Section 4 (protocol III) followed by fixation at E4 (Fig.  8B, C) . Fig. 8 reveals that the nuclei of the earliest post-mitotic myotomal progenitors became reorganized by E4 into a narrow stripe that encompassed only 20-25% of the myotome length and was restricted to its middle part (Fig. 8A-D) . This is fully consistent with the localization of the postmitotic nuclei as previously identified by lack of thymidine incorporation (Fig. 2G,H) . In embryos labeled according to protocol III, the stripe of early post-mitotic, thymidine-positive nuclei, was detected caudal to somitic level 33 (Fig.  8B,C) , while in the same embryos at rostral areas of the axis, the pioneers remained unlabeled as they already left the cell cycle by the time of pulsing with the radioactive nucleotide (data not shown). In the myotomes of embryos labeled according to protocol II, stripes containing labeled nuclei were detected along the entire axis up to somites 20-23 that were at the epithelial stage by the time of the onset of the chase. Altogether, these findings further support the contention that the unlabeled cells in the epithelial somites are truly post-mitotic. Analysis of transverse sections revealed another important feature of these myotomal pioneers, i.e. that they spanned the entire dorsoventral extent of the myotome, reaching the DML. This distribution pattern was con- sistently observed throughout myotome development (Fig.  8D ,E and data not shown). Furthermore, in a saggital view at the level of the myotome, it became apparent that the centrally-located nuclei within the myotomes were clearly larger than the nuclei of cells added to the myotomes at subsequent stages (Fig. 8E, small arrows) . These large nuclei belong to the muscle pioneer population as they were either differentially labeled or unlabeled by 3[H]thymidine depending on the protocol employed (data not shown).
Thus, the fate of the early post-mitotic cells in the epithelial somites (unlabeled precursors by protocol I) as myotomal progenitors is further substantiated by their positive identification (as cells containing thymidine-labeled nuclei) in these pulse-chase experiments (protocols II and III). Taken together, these two lines of experiments further sup- Fig. 7 . The DiI-stained myofibers derive from early post-mitotic cells of the medial part of the epithelial somite. The medial aspect of epithelial somite 20 in a 21-somite-stage embryo was labeled with DiI (injection was performed in the middle of the somite as shown in Fig. 5A,B) . The embryo then received several pulses of radioactive thymidine as described in Section 4, the first of which was given immediately following dye labeling, and was further incubated for 20 h. Frontal cryostat section (10-mm thick) showing in (A) DiI-stained myofiber spanning the entire rostrocaudal extent of the somite; note punctate DiI pattern observed in young myofibers. Medial dye injection also resulted in stained sclerotomal (scl) cells. (B) Hoechst nuclear staining, focus was on the nuclei below the plane of thymidine grains. (C) Bright-field image after autoradiography. Note that the nucleus of the DiI-stained myofiber is devoid of thymidine labeling (corresponding arrow in (A-C)) and so are most pioneer nuclei in the myotome (the centrally-located nuclei in (B) are devoid of grains in (C)). In contrast, extensive nuclear labeling is apparent in adjacent cells of the sclerotome and dermomyotome (dm). Bar, 20 mm. port the notion that the pioneer cells are indeed a post-mitotic cell population. Moreover, this cell subset does not appear to revert into cycling cells, as they can be clearly followed at least up to E9, the last age examined (Kahane and Kalcheim, data not shown).
Discussion
In the present study, we provide evidence that the early post-mitotic cells localized in the medial aspect of the epithelial somite directly contribute to the formation of the primary myotome. Previous studies in which short pulses (2-3 h) of radiolabeled thymidine were delivered to embryos of about 25 somite pairs, have clearly shown that no DNA synthesis takes place within the already established myotomes at these early time (Langman and Nelson, 1968; Sechrist and Marcelle, 1996; Kahane and Kalcheim, 1998) .This feature should not be taken, however, to mean that all progenitors of myotomal cells are post-mitotic at their sites of origin. In fact, only the pioneer wave of myotomal cells, here described, originates from early post-mitotic cells in the epithelial somite. Later, cells that originate in the dermomyotome lips contribute to subsequent myotome growth. These are still cycling progenitors when confined to these epithelia and become post-mitotic only upon myotome colonization (Kahane et al., unpublished data) . Therefore, the proliferative status of successive waves of myotomal progenitors is different in spite of the known fact that within the early myotome itself all cells become post-mitotic.
The post-mitotic quality of the early pioneer cells enabled their continuous tracing throughout myotome ontogeny (origin, movement and localization) either as unlabeled or as labeled cells, using complementary pulse and chase protocols. Moreover, the fact that these cells could be stably traced for several days further supports the notion that they have irreversibly exited the cell cycle. Withdrawal from the cell cycle, however, appears to take place in a progressive manner, as the number of post-mitotic cells was found to increase during somite maturation. Thus, the number of post-mitotic nuclei at E4 (using protocol II) was larger than that measured following the short labeling time (protocol I) which fixes the situation at an early stage.
It is noteworthy is that the dynamic localization of these cells in the various somitic domains parallels the expression patterns of QmyoD (Fig. 1 , data not shown and see Pownall and Emerson (1992) and Borycki et al. (1997) ). Together with direct tracing of the myotomal fate of this cell population, these observations support the notion that the early post-mitotic cells are muscle pioneers. When enhancing the sensitivity of the in situ hybridization procedure, it was possible to reveal expression of QMyoD transcripts as early as at the 3-somite-stage (Barth and Ivarie, 1994) , prior to the appearance of post-mitotic cells in the somite. This finding demonstrates that expression of the earliest musclespecific transcription factor preceeds withdrawal from the cell cycle. This sequence of events observed in the embryo resembles the results of studies performed in vitro. These have shown that myogenesis in the C2-C12 cell line begins with expression of myogenic regulatory factors, is then followed by the induction of the cell cycle inhibitor p21 and consequent cell-cycle arrest (Andres and Walsh, 1996) .
Based on their myogenic fate, we have termed the epithelial post-mitotic cells 'avian muscle pioneers'. This is because they are, so far, the earliest described somitic progenitors that give rise to the primary myotome. The term muscle pioneers has been previously used to define early differentiating mesodermal cells both in grasshopper and zebrafish embryos (Ho et al., 1983; Felsenfeld et al., 1991; Devoto et al., 1996) . Several analogies can be drawn between the pioneer populations in the above species and those in avian somites. In zebrafish, the muscle pioneers are a subset of the adaxial population. Adaxial cells, like the avian pioneers described in this study, are a group of epithelial cells that develop adjacent to the midline and express MyoD. They differ, however, in their relative dorsoventral localization. Adaxial cells develop close to the notochord and avian pioneers adjacent to the dorsal half of the neural tube. Moreover, both groups of pioneers reorganize later to span the entire extent of individual segments and finally localize in a lateral position within the mature myotomes (Devoto et al. (1996) and Kahane et al., unpublished data) . Furthermore, adaxial cells are precursors of slow muscle fibers. It remains to be clarified whether the avian pioneers resemble the zebrafish precursors also in this respect. Another interesting observation concerns the characteristic size of the nuclei of pioneer myotomal cells. Grasshopper muscle pioneers have been described as large mesodermal cells (Ho et al., 1983) . We have also noticed that the nuclei of the avian pioneer cells are very large compared to those of younger generations of cells that successively colonize the myotome.
A question of interest concerns the state of commitment of the avian muscle pioneers. Previous studies in which somites were rotated, or their medial/lateral, dorsal/ventral, or rostral/caudal halves were replaced by their counterparts, resulted in dermomyotome patterning according to the new environment (Jacob et al., 1974; Aoyama and Asamoto, 1988; Kalcheim and Teillet, 1989; Christ et al., 1992; Ordahl and Le Douarin, 1992; Aoyama, 1993) . In addition, ablation or grafting in ectopic locations of neural tube, ectoderm and/or notochord, revealed that at the population level, the somite depends upon external cues for dorsoventral specification (Dietrich et al., 1997) . Altogether, the above data were interpreted to mean that early somite cells are either naive or at least not irreversibly committed to the myogenic lineage. Our finding that the dorsomedial portion of the epithelial somite already contains post-mitotic cells that give rise to the primary myotome, and the known fact that this region expresses QMyoD (see Section 1) demonstrate an early heterogeneity within the epithelial somite. These observations raise the question of the degree of specification of the pioneer muscle cells that we have described in the present study. To clarify their state of commitment, it will be necessary to trace their fate upon grafting in ectopic locations which are not conducive to myogenesis. Along this line, in a recent report by Williams and Ordahl (1997) it was found that cells of the dorsomedial quadrant of epithelial somites give rise to muscle even when grafted under conditions that promote sclerotomal differentiation. Based on these data, it was suggested that specification to the myogenic lineage is likely to emerge already at the epithelial stage. In this context, it would be interesting to test whether the transplanted epithelial cells that give rise to muscle are indeed post-mitotic.
The initial structural feature of skeletal muscle development is the establishment of the primary myotome. We find that this is a multistep process that includes first, the bending in the transverse plane of an epithelial sheath of post-mitotic cells from a medial location along the epithelial somite to a ventral position with respect to the dermomyotome. An additional feature that characterizes this bending of medial cells is that it takes place along the entire length of the somite, with no apparent rostrocaudal polarity. What are the forces driving the bending around of the epithelial layer of myotomal progenitors? In view of the observation that all cells in the somite are mitotically active, except the medial post-mitotic muscle pioneers, we speculate that spatial tension is likely to be created by the actively-expanding cells of the overlying dermomyotome upon the mediallylocated post-mitotic cells. These forces leading to somite growth in both the longitudinal and medio-lateral axes may ultimately cause the inward movement of the medial epithelial layer. We therefore propose that differential proliferation followed by asymmetric growth of the somite are a driving force leading to the formation of the primary myotome and the DML.
A second stage on the way to primary myotome formation is the progressive epithelial-mesenchymal transition of the pioneers located underneath the dermomyotome followed by their transient accumulation in the rostral portion of the somite. This polarized cell accumulation was addressed in several studies. It could be accounted for either by a caudorostral migration of cells or by cell addition from the rostral edge of the dermomyotome. Yet another interpretation was favored by Kaehn et al. (1988) who proposed that this zone of cell accumulation was the actual site of origin of myotomal precursors, as this stage parallels the onset of expression of desmin immunoreactivity; and also that of 13F4 protein and QMyogenin mRNA (our unpublished data). Denetclaw et al. (1997) have dye-labeled cells along the entire medial edge of the dermomyotome and at its rostral and caudal edges and analyzed myofiber distribution after overnight incubation of the embryos. In contrast to Kaehn et al., these authors found that myotome fiber elongation was initiated in all the above injection sites (except for the caudal edge) thereby concluding that precursor cells do not translocate prior to initiating myotome cell elongation and differentiation. Our time-course study directly shows that the cells transiently located in the rostral portion of the segment are immigrants that have arisen along the medial portion of the epithelial somite several hours earlier. Therefore, in contrast to previous studies, we show that there is a process of caudorostral cell translocation which takes place prior to initiation of cell elongation, and which is already well underway at the time and somitic levels when cells in the study by Denetclaw et al. have just been marked with DiI. Thus, this rostral accumulation of cells preceeds in time the onset of cell addition from the rostral as well as from additional edges of the dermomyotome.
A third stage in the process of primary myotome formation is the elongation of the pioneer cells until reaching the full dorsoventral and rostrocaudal extents of a segment. Our DiI-labeling experiments clearly showed that, within 16 h of injection, the dye-labeled cells had developed fibers that clearly reached both extremities of a given segment. Moreover, we have shown that these fibers derive from the early post-mitotic progenitor subset. Our time course study in which we followed the movement of the subset of unlabeled medial progenitors, have confirmed that, with a similar delay following somite dissociation, the initially epithelial post-mitotic cells that had transiently accumulated in the rostral portion of the somite, had formed the primary myotome. Taken together, these two independent studies demonstrate that the primary myotomal fibers indeed derive from the post-mitotic pioneers.
Following the formation of the primary myotome, the nuclei of the pioneer fibers concentrate within the center of the newly-formed structure. Since this nuclear centralization preceeds addition of younger cells to the growing myotome, it is likely to occur as a result of arrival of the myoblast cell to both ends of a segment. It is interesting to note that, using a similar labeling protocol, Summerbell et al. (1986) also described a population of non-dividing cells in the somites of E4.5 embryos whose nuclei were indeed concentrated in patches in the center of each segment. Although proposing that these cells might be of myogenic nature, their identity was not elucidated in that study. It should be also stressed that similar to the situation in the myotome, the nuclei added to primary and secondary limb myotubes during the early stages of their formation are also located within the middle of embryonic rat limb muscles, whereas subsequently added nuclei localize to the muscle ends (Zhang and McLennan, 1995) .
It is also interesting to note that, upon elongation, the muscle pioneers in both zebrafish and grasshopper embryos were shown to form a scaffold for later developing muscles by providing with insertion sites and guidelines for subsequent cell migration and tissue organization (see Jellies (1990) for review). Our results leave open the possibility that a similar role is played by the primary myotomal structure that derives from the pioneer cells in the avian embryo, yet, a direct demonstration remains to be provided. Fig. 9 represents a schematic model for primary myotome development. The origin of the myotome resides in a layer of medial epithelial cells present in the epithelial somite (Fig. 9A) . Most of these cells are post-mitotic and are distributed homogeneously along the rostrocaudal extent of the somite (Fig. 9D) . Formation of the primary myotomal structure takes place first, by a translocation of the medial layer to a ventral position with respect to the dermomyotome (Fig. 9B,C) . After initial bending, postmitotic cells progressively dissociate and some migrate towards the rostral part of the somite (Fig. 9E) . This region may behave as an insertion site for the local progenitors that begin sending processes in a caudal direction until formation of the primary myotomal structure (Fig. 9F) . Upon reaching both segmental extremities, the nuclei of original pioneer cells become concentrated to the middle of the newly formed myofibers (Fig. 9F) . As future generations of cells migrate along the primary fibers to colonize the myotome (Kahane et al., in preparation) , we hypothesize that the primary myotome formed by postmitotic pioneers acts as a scaffold for cell migration and subsequent myotomal growth.
A model for primary myotome formation in avian embryos
Experimental procedures
Embryos
Fertile quail (Coturnix coturnix japonica) eggs from commercial sources were used in this study.
Detection of dividing and post-mitotic progenitor cells
Three protocols were employed: I. The first consisted of a single pulse of 50 ml phosphatebuffered saline (PBS, pH 7.3) containing either 10 mCi of [ 3 H]thymidine (specific activity 45-47 Ci/mmole; Amersham) or 10 mM Brdu that was applied onto the blastoderms of 23-25 somite-stage quail embryos. Embryos were fixed 2-3 h later. In cases in which embryos were incubated for longer times, the pulse was repeated every 4 h to ensure continuous labeling of mitotically active cells. In this protocol, cells in the S-phase of the cycle that incorporated the nucleotide analog were labeled, whereas the post-mitotic cells remained unlabeled (see Figs. 1, 2, 3 and 7). II. The second protocol consisted of applying two pulses of [ 3 H]thymidine at 7-h intervals, starting at E1. From E2 (average of 20 somite pairs), the embryos were chased with a 100-fold molar excess of cold thymidine until fixation on E4. A few embryos that were fixed immediately following the end of pulsing revealed that all cells were labeled (not shown). Therefore, in this protocol, those cells which continued dividing actively during the chase efficiently diluted the radioactive metabolite and became unlabeled. In contrast, the early post-mitotic cells retained the label over their nuclei (see Fig. 8D ).
III. The third paradigm consisted of applying a single pulse of [ 3 H]thymidine (10 mCi) to quail embryos aged 33 somites followed by chase with an excess of cold thymidine 5 h later Fixation was performed 17 h later. These embryos were analyzed at caudal levels of the axis where this protocol enables positive visualization of muscle pioneers (Fig.  8B,C) .
Treatment of embryos according to protocols II and III did not have any significant effect on the normal morphogenesis of embryonic structures, at least until E9, the last age examined (see Kahane and Kalcheim, 1998) . Moreover, no differences in the number of total cells per myotome were found when, at E4, the following experimental groups were compared: untreated embryos, embryos that received only a radioactive pulse, embryos that received both the radioactive pulse and the chase, embryos that received only the chase with unlabeled thymidine (data not shown). Thus, treatment with thymidine did not interfere with the proliferation of myoblast progenitors. As a result, the pioneer myotomal cells could be traced equivalently whether employing labeling with protocol I for visualization of their unlabeled nuclei at early stages, or following positive labeling with protocol II for tracing their fate during subsequent development. 
DiI labeling of medial cells in the epithelial somite and fluorescence imaging.
Embryo preparation
Quail embryos were at the 20-23-somite stage at the time of dye labeling. The vitelline membrane was removed from the caudal end of the embryos. A unilateral slit, three somites in length, was performed in the ectoderm at the level corresponding to newly-segmented epithelial somites. A small drop of Pancreatin (2% w./v.) was then added to assist in the separation of the neural tube from the adjacent somites. Enzymatic activity was stopped by newborn calf serum (10% in PBS).
Dye labeling
Borosilicate tubes with filament (outer diameter = 1.0 mm, inner diameter = 0.5 mm) were pulled using a vertical puller (Sutter model P-30). Tip diameter of the resulting micropipettes was 0.2 mm approximately. Micropipettes were backfilled with a final concentration of 0.2% (w./v.) 1,1′, di-octadecyl-3, 3, 3′, 3′,-tetramethylindo-carbocyanine perchlorate (DiI, Molecular Probes, Eugene, OR) dissolved in a 1:2 ratio of tetraglycol/ethanol, respectively. Micropipettes were then fixed to a waterpressure system and mounted on a Zeiss micromanipulator. Dye injections were performed under an upright Zeiss Axioscope microscope adapted for holding eggs and equipped with long working distance objectives (LDAchroplan 20×) and epifluorescence. Embryos were viewed with oblique lighting from a fiberoptic light source. A single epithelial somite was labeled per embryo. Labeling was in the center of a somite, midway between rostral and caudal extremities. In this location, the injection was directed to a spot in the medial aspect of the somite which was held separated from the neural tube during the procedure. The accuracy of labeling sites was monitored throughout the procedure by observation under a total magnification of 200× with combined bright-field and epifluorescence optics. Following DiI labeling, embryos were pulsed with radioactive thymidine as described above and incubated for additional 16 or 48 h. At the end of incubation, embryos were removed from the egg, washed in PBS and fixed in formaldehyde (see below).
Laser scanning confocal microscopy
Fluorescent samples were analyzed using an LSM410 scanning confocal microscope (Zeiss, Jena, Germany) with a He-Ne laser for the excitation wavelength of 543 nm, attached to an Axiovert 135M microscope. Dye-labeled cells were visualized with 10× or 20× oil immersion PlanNeofluar objectives. The samples were optically screened at 2-or 3.3-mm increments through the Z-axis and sequential images were collected using a Pentium 150 personal computer. Confocal images represent cumulative serial sections as detailed in the figure legends. Adobe Photoshop (version 4) was used for image processing.
Fixation, immunofluorescence and autoradiography
Embryos were fixed either in Bouin's fluid or in 4% formaldehyde and embedded in paraplast. Serial 7-mm sections were mounted on gelatinized slides. Immunostaining with desmin antibodies or with the 13F4 antibody was performed as described in Rong et al. (1987) to visualize myotomes. Secondary antibodies were coupled either to FITC or to horseradish peroxydase. If combined with autoradiography, immunostaining was performed before coating the slides with photographic emulsion. A series of DiI-labeled embryos was similarly fixed in 4% formaldehyde, embedded in gelatin and cryostat-sectioned. Ten-micrometer serial sections were collected and subjected to autoradiograhy as described below.
Autoradiography after thymidine labeling was performed as previously described (Brill et al., 1995) . Following development of the photographic emulsion, sections were counterstained with Harris hematoxylin or with the Hoechst nuclear stain. Detection of Brdu was done essentially as described in Sechrist and Marcelle (1996) 
In situ hybridization
The QmyoD probes was kindly provided by Charles Emerson (de la Brousse and Emerson, 1990) . Probe synthesis and whole mount in situ hybridization were done essentially as described in Borycki et al. (1997) . Embryos were then embedded in paraplast and serially sectioned.
